Objective: IGF1 mediates multiple physiological and pathophysiological responses in the cardiovascular system. The aim of this study was to analyze the association between serum IGF1 as well as IGF-binding protein 3 (IGFBP3) levels and endothelial function measured by flow-mediated dilation (FMD). Design: Cross-sectional population-based observational study. Methods: The study population comprised 1482 subjects (736 women) aged 25-85 years from the Study of Health in Pomerania. Serum IGF1 and IGFBP3 levels were determined by chemiluminescence immunoassays. FMD measurements were performed using standardized ultrasound techniques. FMD values below the sex-specific median were considered low. Results: In males, logistic regression analyses revealed an odds ratio (OR) of 1.27 (95% confidence interval (CI) 1.07-1.51; PZ0.008) for decreased FMD for each decrement of IGF1 S.D. after adjustment for major cardiovascular confounders. In females, no significant relationship between serum IGF1 and FMD was found (OR 0.88, CI 0.74-1.05; PZ0.147). After exclusion of subjects with the current use of antihypertensive medication, these findings were similar (males: OR 1.40, CI 1.12-1.75; PZ0.003; females: OR 0.95, CI 0.77-1.16; PZ0.595). There was no association between serum IGFBP3 levels and FMD in both sexes. Conclusions: Low serum IGF1 levels are associated with impaired endothelial function in males. In women, serum IGF1 is not associated with endothelial function.
Introduction
Insulin-like growth factor-1 (IGF1), a circulating peptide hormone, is structurally and functionally related to insulin (1) . IGF1 represents an essential growth factor for the regulation of cell proliferation and differentiation (2) . IGF1 is synthesized under the control of GH mainly in hepatic cells (3) . However, many other cell types, including cardiac myocytes (4), also secrete IGF1 and are sensitive to its tropic action. IGF1 significantly interacts with endothelial physiology. Human endothelial cells express more IGF1 receptors than insulin receptors (5) , and IGF1 stimulates nitric oxide production by endothelial cells, contributing to the regulation of vascular tone and other anti-atherosclerotic properties (6, 7) . Circulating IGF1 is predominantly bound to IGF-binding proteins (IGFBP). Most of IGF1 is carried by IGFBP3 (8) . Consequently, the IGF1/IGFBP3 ratio might mirror the biological impact of total IGF1 levels.
Impaired flow-mediated dilation (FMD) represents endothelial dysfunction and precedes the development of clinically apparent atherosclerosis in humans with cardiovascular risk factors, such as diabetes mellitus, arterial hypertension, hypercholesterolemia, or smoking (9) . Circulating IGF1 levels are inversely related to ultrasound measures of atherosclerosis (10) , the risk of ischemic heart disease (11), stroke (12, 13) , coronary events (13) , and cardiovascular mortality (14) .
Studies designed to elucidate the relationship between serum IGF1 levels and FMD are scarce and primarily confined to patients with disorders in GH metabolism. In patients with low serum IGF1 levels due to GH deficiency, substitution of GH leads to normalization of a previously reduced FMD (15, 16) . On the other hand, in acromegaly patients with high IGF1 levels, surgical resection of the GH-producing tumor was followed by an improvement of previously reduced FMD (17) . More recently, an association between serum IGF1 levels and the acetylcholine-stimulated increase of forearm blood flow, as measured by plethysmography, was described in a population of 100 untreated hypertensive patients (18) .
There are no epidemiological data available investigating the potential association of IGF1 or IGFBP3 levels with endothelial function. The objective of this study was to analyze the association of serum IGF1 and IGFBP3 levels with endothelial function as measured by FMD in an adult population of a large-scale, crosssectional, population-based study -the Study of Health in Pomerania (SHIP).
Methods

Study population
The design of SHIP has been published previously (19, 20) . Briefly, SHIP is a population-based study in the northeast area of Germany. Baseline examinations were performed in 4308 subjects between 1997 and 2001. The first follow-up examination (SHIP-1) was conducted 5 years (mean 5.2G0.5 years) after baseline and comprised 3300 subjects (83.5% of the still eligible population). The study was approved by the ethics committee of the University of Greifswald. All participants gave informed written consent.
Between March 2003 and October 2006, 1788 subjects (54%) of the SHIP-1 population volunteered for measuring FMD of the brachial artery. Exclusion criteria for FMD measurements were equipment malfunction (nZ36), any medical contraindication (nZ19), and primarily hypotension with systolic blood pressure (BP) below 100 mmHg (nZ15). Image quality of 215 FMD examinations was insufficient for correct readings. In 36 subjects, serum IGF1 levels were not available. This resulted in a final study population of 1482 persons (736 women) with both complete examinations of FMD of at least sufficient image quality and available IGF1 and IGFBP3 datasets. All data and analyses in this report refer to the SHIP-1 population. There was no subject suffering from acromegaly or GH deficiency.
Measurements
Sociodemographic characteristics and medical histories were assessed by computer-assisted personal interviews. As for smoking status, participants were classified as never-smokers, ex-smokers, or current smokers. The definition of diabetes mellitus was based on self-reported physician's diagnosis or use of antidiabetic medication. Liver disease was defined as self-reported physician's diagnosis. The definition of renal disease was based on self-report or creatinine clearance values !50 ml/min as estimated by the Cockcroft-Gault formula (21) .
Waist circumference (WC) was measured to the nearest 0.1 cm using an inelastic tape midway between the lower rib margin and the iliac crest in the horizontal plane, with the subject standing comfortably with weight distributed evenly on both feet. Body mass index (BMI) was calculated as weight in kilograms divided by the square of height in meters. After a 5 min rest period, systolic and diastolic BP were measured three times at the right arm of seated subjects using a digital BP monitor (HEM-705CP, Omron Corporation, Tokyo, Japan) with each reading being followed by a further rest period of 3 min. The mean of the second and third measurements was calculated and used for the present analyses. Hypertension was defined as a systolic BP of R140 mmHg, a diastolic BP of R90 mmHg, or use of antihypertensive medication.
Nonfasting blood samples were drawn from the cubital vein in the supine position. The samples were taken between 0700 and 1600 h and analyzed immediately for all parameters except IGF1 and IGFBP3, for which the serum was stored at K80 8C. Internal quality controls were performed at least daily. Serum creatinine levels were measured with a modified Jaffé method, and total serum cholesterol was measured photometrically (both Dimension RxL HM Max, Siemens Healthcare Diagnostics, Bad Nauheim, Germany). Low-and high-density lipoprotein cholesterol (LDL-and HDL-cholesterol) levels were quantified by lipid electrophoresis (HELENA SAS-3 system, HELENA 7 BioSciences Europe, Tyne & Wear, UK). Triglycerides and glucose were determined enzymatically using reagents from Roche Diagnostics (Hitachi 717, Roche Diagnostics, Mannheim, Germany). Serum IGF1 and IGFBP3 levels were measured using a chemiluminescent immunometric assay on an Immulite 2500 analyzer (Siemens Immulite 2500; Siemens Healthcare Medical Diagnostics). The assays were performed according to the manufacturer's recommendations by skilled technical personnel. Measurements were carried out from April to May 2008. An aliquot of two levels of the manufacturer's control material (IGF-Control-Module, ref.
LGCOC, lot 022, Siemens Healthcare Medical Diagnostics) was included within each series in single determination as reported previously (22) . During the course of the study, the inter-assay coefficient of variation was 7.9% with a systematic deviation of C2.5% at the 64 ng/ml level for the IGF1 assay, and 4.6% with a systematic deviation of K2.7% at the 880 ng/ml level for the IGFBP3 assay.
Flow-mediated dilation
FMD was assessed as described previously (23) . In brief, FMD of the brachial artery was assessed by measuring the increase in the brachial artery diameter during reactive hyperemia after transient forearm ischemia. The brachial artery was visualized using a 10 MHz linear array transducer (Cypress, Siemens, Erlangen, Germany). Ultrasonography was performed in a dark and quiet room. The participants lay quietly for 1 min before measurements. A BP cuff was placed around the right forearm 5 cm distally from the right antecubital crease. B-mode longitudinal images of the brachial artery were obtained at the level of the antecubital fossa. After marking the optimal position of the transducer, baseline images of the brachial artery were digitally stored. Arterial flow to the forearm was interrupted by insufflation of the forearm cuff for 5 min by 200 or 50 mmHg above systolic BP, whichever was highest. Exactly 1 min after cuff deflation, B-mode longitudinal images of the brachial artery were obtained for FMD measurements. Examinations were performed and read by two observers. All ultrasound measurements in SHIP are performed offline and underlie strict quality management (19) . Intrareader, intra-observer, interreader, and interobserver variability are evaluated in certification procedures. Before data collection, 25 images were measured twice by each participating reader, and 12 volunteers were examined twice by each participating observer. During data collection, observer certification procedures were repeated semiannually for at least six volunteers. An interval of at least 24 h was required between examination and reading procedures. The number of images and volunteers was arbitrarily defined before the beginning of the study, and has been proven satisfactory from experience to demonstrate relevant reader and observer differences. All measurements of intrareader, intraobserver, interreader, and interobserver agreements with respect to FMD revealed a mean bias of !5% and C2 S.D. of bias of !25%. The applied quality measures have been described elsewhere in detail (23) . End-diastolic vessel diameters were measured from the anterior to the posterior M-line (i.e. the interface between the media and adventitia) of the vessel wall. Diameters were calculated from the average of three measurements of four consecutive cardiac cycles. Absolute FMD was calculated by subtracting baseline vessel diameters from postischemia vessel diameters. Relative changes were expressed as percentage of absolute FMD to baseline diameters. Values below the median of sex-specific distribution were considered decreased.
Statistical analysis
Data on quantitative characteristics are expressed as mean and S.D. Data on qualitative characteristics are expressed as absolute numbers and percent values. All analyses were done in male and female subjects separately. Comparisons between groups were made using Mann-Whitney's U test (continuous data) and c 2 -test (nominal data). Bivariate correlations between variables were determined by Pearson's correlation coefficient (r). Multivariable statistical analyses were performed using logistic regression analysis. Adjusted odds ratios (OR) and 95% confidence intervals (CI) are provided. Models were developed by adjusting for age, WC, diabetes mellitus, hypertension, liver and renal diseases, smoking status, and serum HDL-and LDL-cholesterol levels. To check for possible selection bias introduced by exclusion of subjects (i.e. nonparticipants of FMD examination), we applied inverse probability weighting according to major variables of difference between the study population and nonparticipants in further sensitivity analyses (24) . A value of P!0.05 was considered statistically significant. All statistical analyses were performed using Stata 10 (Stata Corporation, College Station, TX, USA).
Results
Females had smaller baseline diameters of the brachial artery and higher FMD values than males (Table 1) . Male subjects were more often current and ex-smokers, had larger WC and BMI, lower HDL-cholesterol values, higher triglyceride and glucose levels, and higher systolic and diastolic BP, and were more often hypertensive than women. No differences regarding the prevalence of diabetes mellitus, liver, and renal diseases became apparent between men and women. Mean serum IGF1 levels did not differ between men and women, whereas men had lower serum IGFBP3 levels and higher IGF1/IGFBP3 ratios compared to women.
Volunteers with sufficient data for this analysis (study participants) were younger, had less often diabetes mellitus, renal diseases, and hypertension, used less often antihypertensive medication, and had lower glucose levels than nonparticipants. Study participants revealed higher IGF1 and IGFBP3 levels and higher IGF1/IGFBP3 ratios than nonparticipants (Table 1) .
We observed an inverse bivariate correlation between serum IGF1 levels and age in both women (rZK0.447; P!0.001) and men (rZK0.404; P!0.001). The inverse association between IGFBP3 levels and age was weaker in women (rZK0.247; P!0.001) than men (rZK0.415; P!0.001). There was a stronger negative correlation between IGF1/IGFBP3 ratio and age in women (rZK0.379; P!0.001) than in men (rZK0.153; P!0.001). Bivariate comparisons between serum IGF1 levels and FMD showed a positive association in female (rZ0.075; PZ0.041) and in male subjects (rZ0.203; P!0.001) respectively. Furthermore, we revealed no association between serum IGFBP3 levels and FMD women (rZ0.027; PZ0.466), but a positive association in men (rZ0.130; P!0.001). Finally, there was a weaker positive correlation between IGF1/IGFBP3 ratio and FMD in women (rZ0.086; PZ0.020) than in men (rZ0.151; P!0.001).
In multivariable logistic regression analyses, there was an age-adjusted OR of 1.28 (CI 1.08-1.53; PZ0.005) for decreased FMD in males with each decrement of IGF1 S.D. (S.D.Z51.9 ng/ml; Table 2 ). Adjustment for further potential confounders including WC, hypertension, diabetes, liver and renal diseases, smoking status, and serum HDL-and LDL-cholesterol did not influence the major results substantially.
In females, no significant association between serum IGF1 levels and FMD was identified after adjustment for age and further confounders (OR 0.88, CI 0.74-1.05; PZ0.147). In both men and women, no association between serum IGFBP3 levels and FMD was present. Only in males, there was a higher adjusted OR of 1.24 (CI 1.06-1.46; PZ0.009) in the full model for decreased FMD with each decrement of IGF1/IGFBP3 ratio S.D. (S.D.Z0.0098; Table 2 ). No findings changed substantially after usage of inverse probability weighting according to age, diabetes mellitus, and hypertension.
Additional analyses were performed after excluding subjects with antihypertensive medication. In the fully adjusted model in males, there was an OR of 1.40 (CI 1.12-1.75; PZ0.003) and an OR of 1.38 (CI 1.11-1.71; PZ0.003) for decreased FMD with each decrement of serum IGF1 S.D. (S.D.Z48.1 ng/ml) and IGF1/ IGFBP3 ratio S.D. (S.D.Z0.0093) respectively. The associations of IGF1 levels and IGF1/IGFBP3 ratio with FMD in women and serum IGFBP3 levels and FMD in women and men remained nonsignificant after these changes (Table 3 ). In further sensitivity analyses, height (of men and women) and current oral contraceptive use and number of pregnancies (in women) were used as additional confounding factors. These analyses did not change the main result of no association between IGF1 and IGFBP3 levels and IGF1/IGFBP3 ratio with FMD in women. In further analyses, multivariable models with an additional adjustment for serum TSH levels revealed apparently unchanged ORs for men of 1.26 (CI 1.06-1.50; PZ0.009) and 1.40 (CI 1.12-1.75; PZ0.003) and for women of 0.88 (CI 0.74-1.05; PZ0.147) and 0.95 (CI 0.77-1.16; PZ0.601) for subjects including and without antihypertensive medication respectively.
Discussion
In the present population-based study, we detected an association between low serum IGF1 levels and decreased FMD in men after adjustment for age. Adjustment for further confounding cardiovascular risk factors including abdominal obesity, diabetes mellitus, hypertension, liver and renal diseases, smoking status, as well as HDL-and LDL-cholesterol levels did not have significant impact on this major finding. Various antihypertensive medications such as b-blockers, ACE inhibitors, or angiotensin II receptor blockers modulate endothelial function (25) . Exclusion of volunteers with current use of antihypertensive medication from the analysis revealed no significant impact on the association of IGF1 and FMD in our study. Since circulating IGF1 is predominantly bound by IGFBP3 (8), we performed separate analyses to detect a potential differing association between IGF1/IGFBP3 ratio and FMD. All of these findings were similar when the IGF1/IGFBP3 ratio was analyzed instead of IGF1 levels. This fact indicates the biological relevance of the association between IGF1 levels and FMD in men. An association between low serum IGF1 levels and impaired endothelium-mediated vasodilation has been described previously in a population of 100 untreated, hypertensive subjects (18) . Since the authors did not present data analysis separately for men (nZ65) and women (nZ35), it cannot be excluded that the observed association of IGF1 levels and acetylcholine-induced forearm blood flow in their whole population was due to the preponderance of male subjects. Other studies focussing on the relationship of serum IGF1 levels and endothelial function were even smaller and primarily confined to patients with disturbed GH secretion, such as acromegaly or GH deficiency (15) (16) (17) . In patients with low (15, 16) and high (17) preinterventional serum IGF1 levels, normalization of IGF1 levels led to an improvement of previously reduced FMD. In these studies, gender-specific analysis was either not discussed or considered impossible due to the small number of patients (15) . Our study comprised 1482 subjects with a broad age range (25-85 years) and IGF1 levels largely within the reference range, which points toward a relevant impact of IGF1 on the cardiovascular system in male subjects under physiological circumstances. The association between IGF1 and decreased FMD as a marker of preclinical atherosclerosis in men might represent a possible link to cardiovascular morbidity and mortality. Indeed, we have recently demonstrated that men with low IGF1 levels had an almost twofold higher risk of cardiovascular disease mortality compared to men with normal IGF1 levels (26) . However, Andreassen et al. (27) recently described an increased mortality and risk of heart failure in elderly subjects with high IGF1 levels.
In contrast to men, serum IGF1 levels did not reveal any relevant influence on FMD in women in our analysis. In concordance with this finding, no association between serum IGF1 levels and mortality (26) and risk of myocardial infarction (28) was found in women. Few studies have addressed possible sex differences in cardiovascular risk factors in relation to the GH/IGF system. Sexual dimorphism exists in GH secretion: women in their fertile age have higher serum GH levels and lower serum IGF1 levels than men (29) . Moreover in patients with GH deficiency receiving GH replacement therapy, sex-specific effects have been described (30) . Men require lower GH doses than women (31) , and have apparently greater benefits from the substitution with regard to improvement in body composition, lipid profile, and bone mass (32) . While these findings are in good agreement with the sex-specific associations found in our study, the mechanisms underlying this sex specificity remain to be investigated.
Our study has several potential limitations and strengths that should be considered. Limitations arise from the cross-sectional study design, ruling out any interpretation on causal inferences in the association of IGF1 and FMD. Unfortunately, GH and insulin levels are not available for the SHIP-1 population. Thus, estimates of insulin resistance status are difficult to obtain. Generalization of our findings might be limited due to selection bias because our study population (with both complete examinations of FMD of sufficient quality and available IGF1 and IGFBP3 datasets) differed from the whole SHIP-1 population in some potential confounders. However, inverse probability weighting according to age, diabetes mellitus, and hypertension confirmed that our findings were not biased by the differences among these variables between study population and nonparticipants.
Major strengths are the population-based design, the accurate FMD measurement under strict quality management by standardized protocol and certified staff (23) , the comprehensive and detailed assessment of metabolic and cardiovascular confounding factors (19, 20) , and the size of the study population. The method of forearm ischemia induction of FMD precludes the potential contribution of ischemia of the brachial artery itself -in contrast to upper arm ischemia-induced FMD, which is known to induce more vasodilation (33, 34) .
In conclusion, low serum IGF1 levels are associated with impaired endothelial function in males, which might represent a possible link to increased cardiovascular morbidity and mortality. In women, serum IGF1 is not associated with endothelial function.
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